The coverage of a self-assembled monolayer (SAM) of octadecyl silane on a silicon surface is analyzed by infrared external-reflection spectrometry via molecular orientation analysis. A commercially available octadecyl trimethoxy silane (ODS) solution is employed, which readily reacts with an oxidized surface of Si(100) prepared by a UV/ozone treatment in an ambient condition to yield a highly reproducible SAM. With the present technique, a very flat surface with no holes is obtained in the entire area of the SAM. IR external-reflection spectra of the SAM apparently indicate that the alkyl chains are highly ordered having the all-trans zigzag conformation, and the molecular orientation agrees with that of a Langmuir-Blodgett (LB) monolayer film of octadecanoic acid. Since the orientation analysis is based on an assumption that the surface is fully covered by the SAM as the LB film, the agreement of the orientation confirms that the surface coverage of the present SAM on Si(100) is on the same level as the LB film.
Introduction
A coating technology for covering a solid material is a key technology to control the surface chemical property. One of the representatives is making a glass hydrophobic by covering the surface with a thin layer of a fluorocarbon polymeric compound. 1 The surface modification makes the material property and chemical stability greatly improved while the core material is kept unchanged.
A monolayer coating is a technique to modify the surface structure with an extremely thin coating layer. Langmuir-Blodgett (LB) and self-assembled monolayer (SAM) techniques are representatively promising approaches to cover a solid surface. The LB technique 2 has an advantage that the molecular density can easily be controlled, and the monolayer can be deposited on a surface of any surface orientation. Regardless, this technique is not suitable for mass production, and defects are known to remain in the film. 3 For the purpose of mass production, the SAM technique is much more appropriate. Since SAM is produced via dipping a solid material into a reactive solution, a highly homogeneous coating layer is expected on a wide area of the surface. The technique has a problem, however, that a chemical reaction between the monolayer compound and the substrate surface is limited, and the molecular packing depends on the surface orientation and morphology of the substrate. 4 Exceptionally, a gold surface is known to form a highly stable chemical bonding with a thiol compound. 2, 5 Depending on the surface orientation of the substrate, 4 an appropriate concentration of the reacting solution and temperature, the lattice structure varies a lot, but basically the chemical reaction goes quite positively on gold.
A similar covalent bonding has long been reported between a silane-coupling agent and a silicon oxide surface. 6, 7 The oxide layer provides hydroxyl groups on the silicon surface, which work as reaction points to make a covalent bonding. Nevertheless, the chemical bonding is not easily formed in comparison to that on a gold surface. The surface coverage of the SAMs on silicon is often first-screened by X-ray diffraction (XRD) and contact angle measurements. The XRD reveals a periodic structure of crystallized portions limitedly; however, the contact angle is insensitive to the coverage and a fine structure of the SAM.
The surface coverage of an LB film is estimated by using a convenient parameter of the "transfer ratio", which is the ratio of the surface area of the covered portion of the substrate to a decrease of the area of the monolayer on water during the LB transfer. If the monolayer is perfectly transferred onto the substrate, the transfer ratio becomes unity. On the other hand, there is no convenient parameter to discuss the surface coverage for SAM.
In the present study, by employing the external-reflection (ER) optical configuration for the IR measurements, 8, 9 the surface coverage is analyzed via the molecular orientation analysis. When the surface coverage of the SAM is the same as that of the corresponding LB film, the same orientation angle should be calculated, since the crystallite portion of the film should have a common structure. Conversely, when the SAM has a highly comparable molecular orientation to the LB film, the surface coverage of the SAM should be close to the transfer ratio of the LB film.
Experimental

Chemicals
The single-side polished Si(100) substrate with a thickness of 725 ± 25 μm was purchased from Valqua FFT Inc. (Tokyo, Japan). The single-side polish is necessary for the IR ER measurements. 8, 9 A cut piece (20 × 40 mm 2 ) was cleaned by successive sonications in pure water, ethanol, acetone, dichloroethane (1 min each) and 2-propanol (10 min). The surface cleanness was checked by measuring IR spectra, and no peak was recognized in the C-H stretching vibration region.
Octadecyl trimethoxy silane (ODS) was purchased from Nippon Soda Co., Ltd. (Tokyo, Japan) as a solution (SAMLAY ® -A) of an organic solvent involving methylethylbenzene. Octadecyl trichloro silane (OTS) was a reagent provided by Alfa Aesar (Heysham, England) with a purity of 95%; the rest was branched isomers. The organic solvents were all guaranteed reagents purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
The water was obtained by a Millipore (Molsheim, France) Elix UV-3 pure-water generator and a Yamato (Tokyo, Japan) Autopure WT100U water purifier, which is a compatible model with Milli-Q. The water exhibited an electric resistivity higher than 18.2 MΩ cm, and the surface tension was 72.8 mN m -1 at the temperature, which guaranteed that the water was free from contaminants.
For washing the final product (SAM on silicon) to remove unreacted compounds and sub-products remained on the surface, an organic solvent, NS Clean 100, made by JX Nippon Oil and Energy (Tokyo, Japan) was used. This powerful cleaning solvent comprising paraffin compounds is a good replacement of some chlorofluorocarbons and 1,1,1-trichloroethane as a cleaning solvent for both laboratory and industrial uses, satisfying the PRTR law. All chemical containers, such as beakers, were made of stainless steel to keep the chemicals free from contamination of sodium ion.
The hydrogen-terminated silicon wafer was prepared by using a standard technique:
10,11 the naturally generated oxide layer was removed by etching using hydrogen fluoride aqueous solution, and all the silicon atoms on the top surface were reacted to generate the covalent bond of Si-H, which made the surface chemically stabilized against oxidization in a few tens of minutes.
Surface oxidization of a silicon substrate was performed using a Bio Force (Ames, IA) PC440 UV/ozone ProCleaner TM Plus. Since the UV lamp has a folded lamellar-like structure in a plane above the wafer with a short distance of ca. 5 mm, an inhomogeneous oxidization occurs on the surface. Therefore, the substrate was displaced during the oxidization, so that the surface area should have fully been oxidized homogenously. The total duration time of UV-irradiation was 10 min. After introducing this technique, a highly homogeneous SAM independent of position was obtained, which was confirmed by IR spectroscopy.
IR ER measurements
IR ER measurements 8, 9, 12 were performed on a Thermo Fischer Scientific (Madison, WI) Magna550 FT-IR spectrometer equipped with a Harrick (Pleasantville, NY) VR1-NIC Variable Angle Reflection Accessory mounted with a Harrick PWG-U1R Wire-Grid Polarizer for obtaining the p-polarization. The modulation frequency of FT-IR was 60 kHz, and the IR ray was detected by a liquid-N2 cooled MCT detector. The wavenumber resolution was 4 cm -1 . The accumulation number of the interferogram was 2000.
AFM measurements
AFM images of the SAMs were measured on a Seiko Instruments Inc. (Chiba, Japan) NanoNavi IIs Probe Station equipped with a probing microscope unit, Nanocute, and the probe unit was put on an anti-vibration stage. The dynamic (tapping) mode was used for scanning. The cantilever was made of crystalline silicon tip and its force constant was 20 N m -1 .
Preparation methods of SAM on Si(100)
In the present study, another conventional technique (Method #1) as well as the present method (Method #2) were carried out to present a high coverage and the good reproducibility of Method #2. Method #1. The Langmuir technique was employed to form an OTS monolayer on water spread on the silicon surface. 13, 14 The molecular density of the monolayer depends on the concentration and the amount of the spreading solution. The monolayer is settled down onto the silicon surface by removing the water to generate chemical bonds to form a SAM. Method #2. A Si(100) surface was oxidized under an ozone atmosphere to have hydroxyl groups on the surface. The oxidized silicon is dipped in the SAMLAY-A solution for 10 min, and the substrate is washed by the solvent, NS Clean 100. The reaction goes rapidly within a few minutes, 15 and 10 min is sufficient to attain the full reaction. Details will be described in the Results and Discussion section by using IR spectroscopy and AFM.
Results and Discussion
Since an oxidized Si(100) surface is commonly used to react with OTS or ODS for the two different methods to form a SAM, the silicon surface is examined by IR spectroscopy. To analyze the oxidized layer alone, an un-oxidized Si(100) surface is necessary for the background measurements. The un-oxidized surface was obtained by preparing a hydrogen (H)-terminated Si(100) surface, which prevented natural oxidization of the surface in ambient air for a few tens of minutes.
The H-terminated Si(100) was subjected to IR ER spectrometry, as presented in Fig. 1 . The three bands in the spectral region are assigned to Si-H stretching vibration modes of the SiH3 group (2140 cm -1 ), the SiH2 group (2109 cm -1 ) and the SiH group (2088 cm -1 ). 16 If a H-terminated "Si(111)" surface is employed, only the SiH peak appears dominantly, 10 which enables us to discriminate the orientation of the surface. Since the IR ER measurements were performed by using the p-polarization with an angle of incidence of 60 (smaller than Brewster's angle (73 )) from the surface normal, the positive absorbance indicates that the transition moment directs nearly perpendicular to the surface with respect to the surface selection rule. 8, 9, 12 Since the Si-H bond of the SiH group has an ideally surface-normal orientation, 10 the band is obtained as a sharp positive peak. The bond in the SiH2 group is slightly tilted, 15 but mostly perpendicular to the surface; thus the SiH2 group also yields a positive peak. In this manner, the H-terminated Si(100) surface has readily been checked.
With the H-terminated Si(100) surface as the background, IR ER spectra of the surface-oxide layer of the Si(100) substrate was measured. The spectrum is presented in Fig. 2 . Since the Si-H bonds are available only in the background substrate, the bands appear as negative peaks, which do not have to do with the surface selection rule (marked as "bg: Si-H").
On the other hand, the other peaks obey the rule. The lattice vibration of the silicon oxide (Si-O-Si) is known to be split into the TO and LO phonon modes, 17, 18 which are aligned parallel and perpendicular to the surface, respectively. In fact, the TO and LO peaks appear at 1047 and 1228 cm -1 as negative and positive peaks, respectively, which perfectly matches the surface selection rule. According to Chabal et al., 17, 19 the position of the LO mode depends on the thickness of the silicon oxide layer, and 1228 cm -1 corresponds to the dense Si-O-Si bonds formed between the SAM and the substrate. In this manner, a fairly good oxidized silicon layer proved to be formed by the UV/ozone oxidization technique.
Another important point is that the O-H stretching (ν(O-H)) vibration modes appear as positive bands at about 3300 cm -1 . Since the band was not recognized when the oxidization time was very short (data not shown), the band should be attributed to the O-H group generated by UV/ozone oxidization. In fact, no OH2 bending vibration band (due to water) is recognized at about 1650 cm -1 , which supports that the O-H band is truly attributed to the surface O-H groups.
Here, it is of note that the ν(O-H) modes appear as positive bands in the ER spectrum, which implies that the O-H bond should be oriented nearly perpendicular to the surface. If the O-H bond is generated on "Si(111)," the O-H group should be oriented nearly parallel to the surface, 17, 19 since the Sis-O (Sis: surface silicon) bond has a perfectly perpendicular orientation to the surface, and the bond angle of Sis-O-H is ca. 110 . In the case of Si(100), on the other hand, many paired Si-Si structures are generated as a result of the stabilization of the dangling bonds, which are aligned parallel to the surface. 16 When this group is oxidized to generate HOSi-SiOH, the O-H group can be oriented to nearly perpendicular to the surface. 16 This surface-oxidized Si(100) is commonly used for preparing SAMs by the different Methods #1 and #2. The results are presented as follows successively.
The surface topography of the SAM prepared by Method #1 is presented in Fig. 3A . The upper panel shows the top view of the SAM on Si(100), and the lower panel shows the cross-section image along the line drawn in the upper panel. This method employs OTS. Since the trichlorosilane group works as a hydrophilic group, a monolayer is formed on a water surface, i.e., Langmuir (L) film. The molecular density depends on the amount of molecules on the water surface and the self-assembling property of the compound. Then, the water is removed to settle the L-film down onto the silicon surface, followed by a chemical reaction between the film and the oxidized silicon surface. With this method, the molecular aggregated structure is initially determined in the stage of the L-film formation, and therefore an organized SAM is expected even on Si(100). Figure 3A presents AFM images of the SAM on Si(100) prepared by Method #1. Although the microstructure is as good as expected, a large-scale topography varied a lot, depending on location. Therefore, two images at two different locations are presented. In Fig. 3A-1 , about half of the area is found to be uncovered, whereas in Fig. 3A-2 , a large portion of the area is covered by SAM. On the other hand, the images of the SAM by Method #2 were not dependent on location, fortunately; one image is presented in Fig. 3B .
The IR ER spectrum of the SAM of Fig. 3A-2 is presented by the dotted line in Fig. 4A , in which both νa(CH2) and νs(CH2) bands appear with negative absorbance. Judging from the surface selection rule of ER spectrometry, both the νa(CH2) and νs(CH2) modes have a nearly surface-parallel orientation, which results in a nearly surface-perpendicular orientation of the hydrocarbon chain. 8, 9, 12 The positions of the modes (2917 and 2850 cm -1 ) indicating the all-trans zigzag conformation of the chain readily support the discussion of the orientation. The only problem is that the intensity varies a lot, depending on the location in the SAM. In this manner, Method #1 exhibits a good performance to yield a highly crystalized monolayer even on Si(100), but the surface coverage varies a lot depending on location. Fig. 1 The p-polarized IR ER spectrum of a H-terminated Si(100) surface measured at the angle of incidence of 60 . The positive absorbance indicates that the transition moment is nearly perpendicular to the surface due to the surface selection rule of ER spectrometry. Fig. 2 The p-polarized IR ER spectrum of the surface-oxide layer of Si(100).
Method #2 is a dramatically improved technique employing ODS instead of OTS. The surface-oxidized Si(100) substrate was dipped in the ODS solution for 10 min, during which ODS adequately reacted with the hydroxyl groups on the surface. In the present study, this experiment was repeated three times on three substrates. After washing the residual unnecessary compounds from the surface using NS clean 100, the three SAMs were all subjected to IR ER analysis. The spectra are presented in Fig. 4B by the three (solid, dashed and totted) lines in an overlaid manner.
One of the most impressive characteristics is that the reproducibility is extremely great: the three spectra are almost identical to one another for both the band intensity and the band location. The νa(CH2) and νs(CH2) modes appear at 2917 and 2850 cm -1 , which indicates that the hydrocarbon chain has the all-trans zigzag conformation. Since the symmetric CH3 stretching vibration mode at 2877 cm -1 appears as a positive peak with a sharper shape than the dotted spectrum, the orientation of the methyl group is oriented nearly perpendicular to the surface. In this manner, the spectra tell us qualitatively that the octadecyl chains should be in a crystallite and highly oriented state, and the reproducibility is excellent. The rest issue is the surface coverage.
The top view of Fig. 3B indicates that the surface looks quite homogeneous except for several minor protrusions. The cross section shows that the surface is highly flat compared to the other SAM prepared by Method #1 (Fig. 3A) . The protrusions may be due to an unreacted compound or a polymerized compound remained on the surface. In this manner, the AFM images confirm that the surface coverage is quite good, and no holes or bare surfaces are found over a wide area.
To evaluate the surface coverage spectroscopically, the band intensity of the νa(CH2) and νs(CH2) modes are analyzed quantitatively. If the surface is covered fully by SAM, the molecular orientation angle should reasonably be deduced from the band intensities. 
Here, Apx and Apz are reflection-absorbances measured by using p-polarization for the surface-parallel (x) and -normal (z) components of a transition moment. Subscripts, 1, 2 and 3 correspond to the air, thin film and substrate phases, respectively. θi is the angle of incidence measured from the surface normal, and ν is the wavenumber. n2 and k2 are the real and imaginary parts of the complex refractive index of the film phase, whereas n3 is the refractive index of the substrate with no absorption. In other words, n3 is a real number. Since the C-H stretching vibration region of 2800 -3000 cm -1 is a transparent region for the silicon, the equations are reasonably valid. Since Hansen's equations are approximations of the exact solutions of Maxwell's equations by the Taylor expansion with respect to h2/l , the film thickness, h2, must adequately be smaller than the wavelength of the light, l. In the present study, the thickness of the SAM was ca. 2.5 nm, which is much less than the IR wavelength of ca. 3 μm, and therefore, the equations give highly accurate absorbance that can be directly compared to the experimental results. 9, 12 By referring to former studies, the following optical parameters were employed to calculate the absorbances: θi = 60 , h2 = 2.5 nm, n1 = 1.0 (air), n2 = 1.5 (thin film), n3 = 3.42 (Si), ν = 2850 (νs(CH2)) or 2916 (νa(CH2)). Here, k2s is correlated with the bulk value, kbulk, by the following equations:
where f is the orientation angle. By employing a bulk value of kbulk = 0.200 (νs(CH2)) or 0.264 (νa(CH2)), 22 as a result, the reflection-absorbance (Ap ≡ Apx + Apz) can be correlated with the orientation angle. In other words, the "calibration curve" between the molecular orientation and the observed absorbance is calculated as shown in Fig. 5 . By using this Fig., the orientation angles of the νa(CH2) and νs(CH2) modes are obtained to be a and b, respectively. Since the directions of the two transition moments and the hydrocarbon chain are mutually orthogonal when the chain is straight, the tilt angle of the chain, g, can be correlated with the other two angles by the following direction cosine equation: 9, 12, 23 cos 2 a + cos 2 b + cos 2 g = 1.
When the spectrum of the SAM by Method #2 is analyzed, a = 73.5 and b = 74.9 are obtained to yield g = 22.7 . When a single monolayer of octadecanoic acid is deposited by the LB technique on a semiconductor surface, the orientation angle of the hydrocarbon chain is obtained to be ca. 25 . 24 The good agreement within an analytical error between the analyzed orientation angle of the SAM by Method #2 and the LB film strongly indicates that the surface coverage of the SAM on Si(100) is almost the same as that of the LB film. Since the LB film is known to consist of highly packed molecules and the surface coverage is known to be 100%, the coverage of the present SAM has also been confirmed to be nearly 100%.
Conclusions
The Si(100) surface was readily covered by a SAM of ODS by using a commercially available solution with very convenient procedures. The reproducibility was surprisingly perfect and the surface coverage was found to be almost 100%. The crystallinity was evaluated via the molecular conformation analysis by using IR spectroscopy; the SAM has proved to be a high-density monolayer. Since this SAM preparation can be performed in an ambient air even in a humid season, the technique is quite powerful to obtain a high quality SAM on Si(100). This study also indicates that IR ER spectroscopy is highly useful to check each stage of sample preparation.
